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Abstract—The present work is an experimental study of Lamb waves propagation in an aluminum plate
with an impact damage in the size of the S0 mode wavelength. The aim of this study is to visualize the
wavefield near the defect in the case of extreme diffusion, as well as the interference of the modes
inside of it and their transformation. The results were obtained by applying the continuous wavelet
transform (CWT) on the wavefield data recorded by two ultrasonic scanning techniques: the air cou-
pled ultrasonic (ACU) and the Laser doppler vibrometry (LDV), to obtain a C-scan and a B-scan of
the plate respectively. Space-wavenumber representations showed the behavior of Lamb waves in the
plate as well as the reduction in thickness of the impacted area. The width of the latter could be esti-
mated and the modes present at each position of the plate could be identified.
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1. INTRODUCTION
Guided waves are widely used in non-destructive evaluation (NDE) techniques, Lamb wave [1–3] in
particular, are used for the inspection of regions of constant thickness, any change of it causes variations
in the phase velocity and the wavenumber. These variations signify that an abnormality is present in the
structure, therefore, an analysis should be conducted to determine the severity of the defect to prevent any
further harmful consequences.
Ultrasonic wavefield imaging has emerged in the last decade as a new NDE method, particularly, in
the understanding of how ultrasonic guided waves propagate and interact with defects and structural fea-
tures [4, 5]. Multiple ultrasonic scanning techniques has been applied for the wavefield recording, we can
mention, although the list is not inclusive: shearography [6], electronic pulse interferometry (ESPI) [7],
air-coupled ultrasonic (ACU) [8, 9] and laser Doppler vibrometry (LDV) [10].
In the other hand, despite the fact that these techniques provide us with a visualization of the guided
waves interaction with the damage in the form of C-scans, the problem of the damage quantification
imposes itself. For this reason, a variety of signal processing algorithms have been developed in the sake
of a better understanding of the phenomena of wave-damage interaction, this includes, not for the excep-
tion, the reflection and mode separation method [11], standing wave analysis [12], wavenumber filtering
[13–15] and local wavenumber filtering [16]. Although research activities in the structural health moni-
toring (SHM) have been conducted on impact damages [17, 18], they were more intensive on their effect
on the physical properties of composite plates [4, 5, 7, 19], the specimen under test in this study is chosen
to be an aluminum plate with a non-perforating impact damage. This choice was made under the motiva-
tion of studying the Lamb waves behavior in a configuration of extreme diffusion using guided waves [20],
in order to obtain an interference phenomena of the wave caused by the internal multiple reflections of the
diffused wave, depending on the relation between the used wavelength with the width and the remaining
thickness in the bottom of the non-penetrating damage, which is certainly a topic of interest to the
NDT/SHM community.
The aim of this study is to apply a continuous wavelet transform on the spatial data obtained from two
different ultrasonic scanning techniques: ACU and LDV, in order to visualize the interference phenomena
in such damage, and to have an estimation of its width and curvature, to localize it in the structure and to141
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Fig. 1. Geometry of the waveguide: (a) Top view, (b) back view, (c) Vertical cut view.
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18 mmidentify the modes present at each position on the plate. In this paper, information about the ACU and
LDV scanning systems are provided first. Next, wavenumber filtering using the CWT is presented, and the
results of the analysis are discussed. These are followed by concluding remarks about the results obtained
from the Space-wavenumber analysis of the wavefield data.
2. EXPERIMENTAL SETUP
2.1. Geometry of the Waveguide and Lamb Waves Excitation
The impact damage was introduced by a hemispherical projectile with an 8 mm radius. The projectile
was shut by a pressure gun with energy of 4.4 J. This value was chosen to be relatively weak to avoid per-
foration in the plate, but caused the bending of the plate outwards (Fig. 1b).
The width of the introduced impact damage was chosen to be close to the excited S0 mode wavelength
which is about 12 mm.
The studied waveguide is a squared aluminum plate of 1 m length and 2 mm thickness. The impact
damage is introduced in the middle of the plate and its dimensions are represented in Fig. 1c.
The zero order symmetrical (S0) and anti-symmetrical (A0) modes were generated in the plate using a
piezoceramic actuator. The actuator was excited with a 5 cycle tone burst in the LDV measurements,
whereas in the ACU measurements, we have used a 25 cycle tone burst, both excitations were centered on
400 kHz. This excitation frequency corresponds to the non-dispersive range of the generated S0 mode
shown in Fig. 2.
2.2. Air Coupled Ultrasonic Measurements
Air coupled ultrasonic technique (ACU) is a non-contact scanning method based on the sensing of dil-
atational waves emitted by the vibrating structure and detected by an ultrasonic microphone, however, the
major challenge in using the ACU is the big difference in the acoustic impedance which increases the
attenuation of the signal propagated from the plate to the microphone, the increase in the frequency used
for the sensing of Lamb waves causes more attenuation in air [21].
To avoid this problem, the excitation frequency should be below 1 MHz. The system used in this exper-
iment is the USPC 4000 Air Tech [8] as shown in Fig. 3a. We have attached a piezo-ceramic actuator to
the back side of the plate to generate Lamb waves at 400 kHz (Fig. 3b), while the wavefield was recorded
on the front side of the plate, using the microphone for the sensing of the dilatational waves. The received
signal that has been significantly weekend by the strong attenuation was amplified up to 50.2 V peak to
peak, we have also taken care not to approach the edges of the plate to avoid reflections from the borders
during the scan which took 6 h.RUSSIAN JOURNAL OF NONDESTRUCTIVE TESTING  Vol. 56  No. 2  2020
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Fig. 3. (a) ACU experimental setup, (b) the actuator attached to plate.
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(a) (b)This test was performed twice, one before introducing the damage, as a reference case, and the other
after impacting the plate with the projectile, the measurement was undertaken with a time step of 0.105 s
and at discrete positions of the P-wave resulting from the leaky Lamb wave, the data was recorded and
processed in the USPC computer system which permitted the visualization of the propagation film, we
have then taken snapshots from the film to obtain a C-scan of the area where the impact is present.
2.3. Laser Doppler Vibrometry Measurements
Unlike the ACU, the LDV is an optical system. It uses a laser beam to measure the out of plane com-
ponent at different positions along the scanned area, the laser head is put in a direction perpendicular to
the plate. We mention here that the used system for the measurement is Polytech PSV-500 (Fig. 4a) that
measures displacements and velocities using single point data. For this experiment the LDV was used to
measure displacements at discrete positions.RUSSIAN JOURNAL OF NONDESTRUCTIVE TESTING  Vol. 56  No. 2  2020
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generatorAt each position, a separate signal was recorded, the time step taken for two successive measurements
was 0.16 μs and the spatial step was 0.58 mm for a 30 cm scanned segment, from the actuator throughout
the impact as shown in Fig. 4b, which makes in total 513 discrete positions for the sensing, the total time
taken for the full scan was 6 h.
Each measured point gives a 1D data, we have constructed a 2D matrix using the separate 1D data
obtained from the 513 measurements by concatenating them vertically, each column represents the obtained
time signal at one discrete position, and each line of the same column represents the measured amplitude at
a giving instant, Which results in a “Time-Position” matrix that contains the measured amplitude of the sig-
nal at each instant of the different discrete positions, and therefore a B-scan can be plotted.
2.4. Wavenumber Filtering Method
The analysis of time or space signals can be performed using the continuous wavelet transform
(CWT) [13, 22]. The advantage of this function over the Fourier transform resides in its localization in
time and space as it exists for a finite duration, centered on a chosen frequency allowing its stretching
along the signal [23], and giving it the ability to determine any abrupt changes in it. This ability is espe-
cially interesting when we have spatial data, since any change in the geometry can be detected and local-
ized in space. The formula of the one dimensional CWT with the coefficients a and T of a signal s(t) is
defined as:
(1)
where a: scale, T: translational value (any instant in time), (t): the wavelet function (the mother wavelet),
the latter belongs to a big family of wavelets [24], each one of them has its own specific usage [25], in our
case we have chosen the Morlet wavelet because of its two major advantages compared to other methods.
First, the Morlet wavelet is Gaussian shaped in frequency domain which implies the absence of sharp
edges that produce ripple effect and can be misinterpreted as oscillations; second, it is more computation-
ally efficient [26]. The Morlet wavelet is defined as follows:
(2)
where the signal s(t) is the 2D time-position matrix, the number of the measured points in the positions
axes represents the scale a, which means that we have stretched the wavelet to fit the entire signal, and that
is for the purpose of detecting the small values of the wavenumber, the transitional value T is referred to
as t1 and t2 later in the following section, the steps taken in the measurements were used to rescale the
pseudo wavenumber values calculated by the CWT to the real values of the wavenumber.
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Fig. 5. (a) and (b) Signak received at a position post impact from the LDV and ACU respectively, (c) and (d) FFT of the
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(d)To create a spectrogram, the wavelet maps the observations of the signal to a linear expansion of the
coefficients, which are related to pseudo frequencies and time. The magnitude of these coefficients is pro-
portional to the energy of the signal at a certain time [13]. The same principle is applied when the signal
gives spatial quantities; at every position the CWT calculates the corresponding wavenumber, which
results in a space-wavenumber representation [27, 28]. We mention that all scripts for the data analysis
were written under Python 3 using the information provided in the Sections 2.2 and 2.3.
3. RESULTS AND DISCUSSION
The time signal obtained from the LDV at a position post-defect is represented in Fig. 5a. The S0 mode
wave packet appears prior to the A0 one, because it is the fastest propagating mode, whereas in Fig. 5b, the
wavepackets are more intense and it is difficult to clearly distinguish between the two modes. A simple FFT
of the time signals in Figs. 5c and 5d shows that it is well centered on the excitation frequency of 400 kHz in
both measurements.
We have then used the LDV to acquire a B-scan of the damaged plate (Fig. 6), as we have explained before
in Section 2.3, this figure shows the propagation of the ripples in the plate and throughout the defect region,
which is defined by the Z form resulting from the multiple reflections of the wavepackets inside of it.
The zero order Lamb modes, are known to be adiabatic modes [28], which signifies that they exhibit
the same behavior locally in sections with varying thickness as in a waveguide with a constant thickness,
allowing their propagation inside regions with variable thicknesses and their possible trapping in cases of
extreme diffusion. In this case, we can distinguish between the propagation of two modes; the fastest com-
ing ripples with respect to time are denoted as S0 wapackets, whereas the A0 wavepackets are the slowerRUSSIAN JOURNAL OF NONDESTRUCTIVE TESTING  Vol. 56  No. 2  2020
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–0.32ones. The defect is detected by both modes as the latter ones get reflected multiple times inside of it, which
shows that the interaction of the Lamb modes with such configuration is possible. Yet, the identification
of the resulting transmitted modes for both wavepackets in the area post defect cannot be clearly seen from
this figure, and will be discussed later after applying the CWT on the data.
The ACU results are shown as snapshots of the wavefield after post processing. Figure 7a shows a scan of
the plate before introducing the impact damage which serves as a reference case. The S0 mode propagates
faster than the A0 mode; both modes have circular wavefronts as a result of the isotropy of the material.
The ACU measures leaky P-wave displacements which makes it more sensitive to the A0 mode dis-
placements than the S0 ones, this results in a better contrast of the A0 mode wavefronts compared to the
S0 mode. Whereas in Fig. 7b which represents a C-scan of the damaged plate, the behavior of the S0 and
A0 modes changes at the position (x, y) = (450, 550) mm. At this point, the scattering from the impact is
visible as a result of the energy trapping and the reflections from the edges of the impact [4], the wavefield
at the impact is composed from the incident S0 and A0 modes and the reflections at the edges. Although
the impact was detectable and visible from the scan shown in Fig. 7b, information about the form of the
impact and the resulting modes from the interaction are still needed.
In order to understand what happened at the edge and inside the impact region, and to be able to
identify the modes present at every scanned position of the plate, a CWT was applied on the B-scan
obtained from the LDV measurements as well as on the data extracted from the ACU C-scan, and that
is for the same chosen segment shown in Fig. 4b, in order to compare between both results at two dif-
ferent instants t1 and t2 of the propagation time which are defined as: t1 = 1.69 ms and t2 = 2.15 ms for
the ACU measurements, and, t1 = 2.4 ms and t2 = 2.72 ms for the LDV measurements. We mention that
the time t1 refers to the instant when the wavepackets reach the impact region, as for t2, the wavepackets
got transmitted from it. Sketches of the plate above the figures are not to scale.
Figure 8a represents the space-wavenumber plot at t1, it gives the value of the wavenumber at each posi-
tion of a 45 cm scanned line With this analysis, we can identify the modes present in the plate at the regions
before, inside, and after the impact, the wavepackets at the region before the impact, which varies from 0
to 23 cm, are centered on the wavenumber values equal to 470 and 1150 m–1. These two values of the wav-
enumber correspond to the theoretical wavenumber values of the S0 and A0 modes respectively which are
calculated as follows:
(3)
where f is the excitation frequency, and v is the phase velocity, which is shown in Fig. 3. This confirms that
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The S0 mode wavepackets propagate along the plate and get distorted as they reach the impact region,
that presents a reduction in thickness, and undertake its geometrical form. At this position, equal to
28.5 cm new wavepackets emerge from the S0 ones and take the value of the A0 mode wavenumber, which
signifies that a part of the S0 mode has been converted into an A0 mode as a result of the asymmetrical
shape of the impact. By the incidence section, at the position 23 cm and contrary to the S0 mode, the
A0 mode wavepackets do not seem to have undertaken the form of the thickness reduction of the impact.
We can intuitively explain this by the main difference in the way the compressional S0 mode and the
A0 flection mode propagate when the waveguide is no longer symmetric.RUSSIAN JOURNAL OF NONDESTRUCTIVE TESTING  Vol. 56  No. 2  2020
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At the time t2 represented in Fig. 8b. The results shown in this figure reinforce the previous findings.
The A0 mode doesn’t reshape the curvature of the impact unlike the S0 mode that continues propagating
inside the impact section, and loses a part of its energy to the new emerging anti symmetrical displace-
ments of the A0 mode. The interference of the S0 and A0 wavepackets is observed from this figure as the
wavefield near the defect is strongly distorted, and the assignation of their corresponding wavenumber is
rather difficult, both modes get transmitted afterwards out of the impact region. The geometry of the
impact is given by the form of the S0 wavepackets. The width of the impact can therefore be estimated by
calculating the difference in position between the two edges of the curvature, which is denoted in the fig-
ures as “W”.
Similarly to the analysis done on the ACU measurements, the LDV measurements are shown in Fig. 9,
where the impact section was zoomed to a 5.5 cm scaled line of the region varying from position = 23–
28.5 cm, to have a better estimation on the width of the impact, in addition, the authors did not have
enough wavefield data from the LDV measurements to fully compare them with the ACU ones, due to the
available capacity of the used LDV equipment.
The A0 and S0 modes were identified at the incidence section, the S0 mode propagates through the
impact region, whose width is estimated here to be w = 12 mm, which is approximately the width of the
impact in Fig. 1c at the efficient section of the impact.
In Fig. 9b, at the first edge of the impact, the two modes interfere with each other as a result of the sudden
change in the plate’s thickness, the S0 undertake the curvilinear form of the impact, therefore, its width and
location can be estimated as we have mentioned before, the A0 mode wavepackets get distorted inside the
impact section as they emerge from the S0 ones. The conversion of the S0 mode into an A0 mode is a result
of the relocation of the S0 mode energy in the form of anti-symmetrical displacements in an attempt to
escape its trapping inside the impact region, giving both symmetrical and symmetrical displacements.
Results from both set of measurements were compatible, the interference of the modes was observed
from the space-wavenumber analysis done on the recorded wavefield data, yet, the ACU results were bet-
ter in terms of clarity, also, the distinction between the two used modes was better visualized here as the
wavepackets did not get distorted as in the LDV measurements.
4. CONCLUSIONS
This paper investigates the behavior of Lamb waves in a plate presenting a non-perforating impact
damage in the size of its wavelength, the results were obtained by applying a space-wavenumber analysis
based on the continuous wavelet transform of the wavefield data recorded by the air coupled ultrasonic
and the laser Doppler vibrometry scanning techniques.RUSSIAN JOURNAL OF NONDESTRUCTIVE TESTING  Vol. 56  No. 2  2020
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figuration of extreme diffusion, and the propagating modes were identified along the plate. We were also
able to estimate the width of the impact, as well as the reduction in thickness and the curvature from the
behavior of the S0 wavepackets, shown in the space-wavenumber representations.
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